The solution conformation of ACTH was studied by intramolecular resonance energy transfer and fluorescence depolarization with the synthetic, biologically active, derivative N'-dansyllysine'l-ACTH-(1-24)-tetrakosipeptide. The Forster parameters involved in energy transfer from the donor Trp9 to the dansyl acceptor attached to the side chain of Lys21 were determined from measurements with ACTH fragments containing either the donor or the acceptor alone. From determinations of the fluorescence quantum yields of the donor in the derivative and in the native ACTH-(1-24)-tetrakosipeptide, it was shown that besides energy transfer no additional quenching of the donor fluorescence is introduced by the presence of the acceptor. The short measured rotational relaxation time of the dansyl chromophore reflects the flexibility of the lysine side chain and justifies the use of an average value for the orientation factor in the distance calculations. The calculated intramolecular distance is remarkably independent of solvent, indicating a "random coil" situation with regard to residues 9-21.
Long-range radiationless transfer of singlet excitation energy from an energy donor to an acceptor chromophore can occur over distances of the order of 10-100 X. F6rster 's theoretical treatment of the phenomenon (1-3), based on "very weak" dipolar coupling between donor and acceptor, predicts a dependence of the transfer rate on the inverse sixth power of the distance between the two chromophores. This proposition and the early observations of energy transfer between chromophores in proteins by Stryer (4), Weber and Teale (5) , and Velick (6) indicated the potential of energy transfer measurement as a means of calculating distances between fluorescent residues in biopolymers in solution. The validity of F6rster's equation has been confirmed py several excellent experiments with donor-acceptor paizs of fixed separation and random orientation (7) (8) (9) , and he applicability of the energy transfer method to conforma ional studies on macromolecules was further demonstrate by a careful study on a series of flexible model compound / (10) .
Numerous studies on energy transfer in biopolymers have been reported. In addition to intrinsic fluorescent chromophores, extrinsic fluorophores bound to a specific site in the macromolecule were used in these investigations. However, in almost all the cases, the interpretation in terms of structural parameters has been complicated by the presence of multiple donors and acceptors and the difficulty of determining all the critical quantities in the Forster equation. This paper describes a study on which has been obtained by synthesis and displays biological activity similar to that observed with the ACTH-(1-24)-tetrakosipeptide (ACTH124) (11, 12) . This l28=6Nn4(RN JAD [1] with OD JAD = f FD(X)eA(X)X4dX, [2] where K = dipole-dipole orientation factor, N = Avogadro's number, n = refractive index of the medium, and T = fluorescence lifetime of the donor (the inverse of kF); JAD = overlap integral between the molar decadic absorption coefficient of the acceptor (XA) and the spectral distribution of the fluorescence of the donor, normalized to unit (FD), modified by the wavelength factor X4.
In Eq. [1] , kr, and T may be replaced by quantities that can easily be obtained spectroscopically:
'' = k -= Transfer efficiency [3] kF + kQ + kJr kp.
<*D = = Fluorescence quantum yield [4] kp + kQ of the donor without energy transfer OD = kF = Fluorescence quantum yield [5] kF + kQ + k' of the donor with energy transfer After introduction of the numerical values for all the physical constants, an expression for the calculation of the interchromophoric distance is either obtained by combination of Eq. [1] , [3] , and [4] : [8. 9= X10-28AD..K2.
[cm], [6] Eq. [7] offers the advantage of taking into account possible additional quenching of the donor fluorescence in the presence of the acceptor (10) (aside from quenching through energy transfer), provided that 'D is experimentally accessible. Such additional quenching effects can be detected by application of Eq. [8] :
'OD = D(1 -'12), [8] which is easily obtained by combination of Eq. [3] , [4] , and [5] .
Determination of the Forster Parameters. Corrected fluorescence excitation and emission spectra were obtained on an absolute spectrofluorometer (Turner model 210 "Spectro") (14) . Absorption spectra were recorded on the same instrument operated as a dual-beam spectrophotometer. Fluorescence polarization spectra were recorded on a recording fluorescence polarization photometer built by Deranleau (15) . The fluorescence lifetimes were measured on a pulse fluorimeter constructed by Studer et al. (16) . All fluorescence measurements were made at concentrations of the order of 10 ;AM in stoppered 1-cm, square, quartz cuvets; the solutions were equilibrated with nitrogen.
Determination of the transfer efficiencies was repeated 2-to 4-times in each solvent, with a freshly prepared solution for each measurement. The fluorescence quantum yield of the donor in the absence of energy transfer, 4D, was obtained by comparison of the tryptophan emission of ACTHl-24 in the particular solvent under investigation to that of pure tryptophan, for which an absolute quantum yield in water of 0.14 was assumed. The fluorescence emission spectra of tyrosine and tryptophan overlap with the absorption spectrum of Dns-lysine, as shown in Fig. 1 . In addition, the spectral overlap of the emission spectrum of tyrosine with the absorption spectrum of tryptophan has to be considered. Based on these spectral overlaps, one would expect the following energy transfer processes to take place in [Lys(Dns)21]ACTH1-24:
(
However, process i can be photo-selected by irradiation at wavelengths longer than 293 nm, where the tyrosine residues no longer absorb. Moreover, the accurate determination of the transfer efficiency is favored by excitation at a wavelength where the ratio of tryptophan to dansyl absorption is as large as possible. Therefore, the efficiency of transfer from Trp9 to Lys(Dns)2' can be optimally determined at 293 nm (Fig. 1) . Process iii has been used to estimate intramolecular distances in ACTH1l24 (23, 24) . for the determination of the donor quantum yield in the presence of the acceptor. The emission spectrum of the fragment [Lys(Dns)21]ACTH1124, which does not contain the donor tryptophan, nevertheless shows some weak fluorescence in the tryptophan emission region. A small amount of fluorescence in this wavelength region was also observed in the emission spectrum of Dns-glycine (10) , and is most probably due to a small fraction of the protonated dansyl group (25) .
In Table 1 , the fluorescence emission maxima of the tryptophan residue and the dansyl group in various peptides are which is typical for an isolated chromophore, provided that the fluorescence quantum yield is independent of the excitation wavelength. (11, 10) , or it can be directly obtained from the normalized spectra (Fig. 3) as the difference between curve 2 and 4 divided by the difference between curve 1 and 4 at the optimal wavelength 293 nm. For [Lys(Dns)21]ACTHI 24 in aqueous solution, the transfer efficiency is 0.45.
Fluorescence quantum yields O', the fluorescence quantum yield of the donor Trp9 in the absence of the acceptor, could be optimally determined as the quantum yield of the tryptophan emission of ACTHI124. A value of 0.10 i 0.01 was found in aqueous solution. This value can be directly used in Eq. [6] to calculate the mean distance, provided that additional quenching effects caused by the presence of the acceptor can be excluded (10) . Based on the tryptophan emission of [Lys(Dns)21]ACTH1-24 in aqueous solution, a value of 0.06 i 0.01 was determined for 'OD, the fluorescence quantum yield of the donor in the presence of the acceptor. From the value of rtT and that of 4D, a value of OD = 0.055 was calculated by means of.Eq. [8] . The good agreement between this calculated value and the experimentally observed value proves that aside from energy transfer, no additional quenching of the tryptophan fluorescence is introduced by the presence of the dansyl chromophore. Since the harmonic mean rotational relaxation time of the dansyl group is also considerably shorter than its fluorescence lifetime, it becomes obvious that we are dealing with a dynamic random situation of donor-acceptor orientations. Therefore, an average value of (K2) = 2/3 has to be used for the orientation factor [2] , while a random array of fixed dipoles would require the use of (K2) = 0.475 (29) .
The dansyl fluorescence polarization spectra of [Lys-(Dns)2i]ACTH-24 and [Lys(Dns)21]ACTH1124 both in glycerol and water show depolarization due to energy transfer in the spectral region of tyrosine and tryptophan absorption. A quantitative interpretation of this depolarization with reference to different situations of donor-acceptor orientation will be given in a separate paper [unpublished data].
Calculation of mean intramolecular distances and conclusion
In order to obtain information concerning the secondary and tertiary structure of ACTH in solution, the Forster parameters were carefully determined under various conditions, and the mean intramolecular distances between Trp9 and Lys-(Dns)21 were calculated by means of Eq [6] (Table 2) . Based on the standard deviations of the single parameters, standard deviations in R between 4 1.3 and 1.7 A were calculated. The results show that R is remarkably independent of solvent and, in particular, there is no dramatic influence of conformation-breaking solvents. Since these findings are indicative of a "random coil" structure for residues 9-21, the end-to-end distance, (h2)'/2, for a random coil dodekapeptide was esti- (36) .
A dialysis study by Craig et al. (33) indicates that the behavior of ACTH and other linear polypeptides without crosslinks is best explained by a mobile equilibrium involving many different conformations. If this were the case, one would have to assume a certain heterogeneity in the donoracceptor separation, and pay attention to the fact that the R values calculated from the energy transfer measurements are sixth-moment averages, (R-6) -1/6, and not simple population averages. It is then not possible to obtain the predominant donor-acceptor separation from an energy transfer study with a single donor-acceptor pair. However, by means of an approach recently described by Cantor and Pechukas (37) , it should be feasible to obtain the whole distribution of distances from energy transfer measurements involving several different donor-acceptor pairs, with different Ro values. In the present case, this could be best achieved by introduction of other acceptor chromophores, whose absorption properties produce significantly different overlap with the tryptophan emission spectrum. While such studies have already been initiated, it remains to apply these results and methods to the hormone in the presence of the receptor molecule. From such experiments information on a possible preference of one conformation, altering the transfer efficiency, may be obtained.
